The adult liver performs many metabolic functions for maintaining homeostasis. There are several sex differences in liver function and disease pathogenesis. One important function of the liver is drug metabolism, where cytochrome p450s (CYPs) in hepatocytes are the main enzymes involved. The toxicity of various drugs and chemicals differs with sex due to differences in hepatocytic CYP expression. However, the molecular mechanism regulating sex-related differences in drug metabolism remains unknown. In this study, we identified transcriptional regulator B-cell lymphoma 6 (Bcl6) as an important factor in sex-biased differential CYP expression. Microarray analysis of livers derived from liver-specific Bcl6-knockout mice showed that Bcl6 is required for sex-biased CYP expression patterns in the liver. Additionally, quantitative PCR analysis revealed that hepatocytic expression of male-biased genes, such as Cyp2d9, Cyp2u1, Cyp4a12a/12b, and Cyp7b1, in liver-specific Bcl6-knockout male mice significantly decreased to levels similar to those observed in wild-type female mice. Conversely, hepatocytic expression of female-biased genes, such as Cyp2a4/2a5, Cyp2b9, Cyp3a41, and Cyp17a1, significantly increased in liver-specific Bcl6-knockout male mice. Deletion of Bcl6 caused female-like expression of CYPs in male livers. These results suggest that Bcl6 is a key regulator of sex-related differential regulation of drug metabolism. Moreover, serum sex hormone levels and fertility did not change in liver-specific, Bcl6-knockout mice. Hepatocytic Bcl6 regulates sex-related differential CYP expression in the liver without changing the sex of the whole body. Thus, this mouse model is useful for analyzing liver-specific sex-dependent regulation of drug metabolism and pathogenesis.
Introduction
Sexually dimorphic characteristics are derived from sexbased gene expression. In addition to reproductive organs, gene expression profiles in several tissues, including the liver, are different between males and females [1] . The liver plays an important role in maintaining homeostasis through processes such as nutrient metabolism and storage, drug detoxification, and plasma protein synthesis. One of the most important functions of the liver is drug metabolism. Drugs are metabolized through a two-step chemical reaction and are then excreted through the liver or kidney. The drugs are first hydroxylated by cytochrome P450s (CYPs) to increase drug solubility. Next, endogenous compounds such as sulfuric acid and glutathione are conjugated to the drugs to allow for more efficient drug excretion. CYPs are hemecontaining, membrane-bound enzymes that play important roles in the metabolism of lipophilic compounds. These proteins belong to large super families, such as CYP1, CYP2, and CYP3, where each superfamily in turn consists of subfamilies, such as CYP1A and CYP1B. Different species express varying amounts of putative functional CYP genes; for example, there are almost 50 CYP genes in humans and 100 in mice [2] . Drug pharmacokinetics and pharmacodynamics are known to differ with sex because CYPs are differentially expressed between the two sexes in both rodents and humans [3] . For instance, Cyp2d9 is mainly expressed in male mice [4] , whereas Cyp3a41 is mainly expressed in females [5] . In humans, CYP3A activity is higher in females than in males [6] , and as methylprednisolone is mainly metabolized by CYP3A, it is eliminated faster in females [7] . Drug responses and pathological conditions of the liver are sometimes regulated in a sex-differential manner. Therefore, both male and female subjects are necessary for clinical trials during drug discovery. However, increasing the number of female subjects during the early stages of clinical trials is difficult, because pregnant or fertile women cannot participate. It is thus advantageous to develop an animal model for evaluating sex-biased drug metabolism in drug discovery.
CYP expression is regulated in a sex-differential manner through plasma growth hormone (GH) profiles [8] , which are sexually dimorphic in many species. In males, GH is secreted from the somatotrophs of the anterior pituitary gland in a pulsatile manner, allowing for GH-free or GHlow intervals between peak plasma GH levels. In contrast, GH secretion is more frequent and continuous in female plasma [8] . This difference in plasma GH profiles between males and females is important for sex-differential gene expression. When continuous GH was infused in male mice using an osmotic pump, downregulation of male-biased genes and upregulation of female-biased genes was observed [9] . GH signals activate STAT5b via phosphorylation, which then translocates into the nucleus to regulate the expression of its target genes [10] . STAT5b is one of the key regulators of sex-differential gene expression as demonstrated in STAT5b-knockout mice [11, 12] . However, the molecular mechanism regulating sex-biased hepatocytic CYP expression remains unknown. Determining the key factors for this mechanism may be useful for drug discovery and analysis of sex-related differences in liver pathogenesis.
B-cell lymphoma 6 (Bcl6) was first identified from the translocation breakpoint in lymphomas [13] . Bcl6 is a C2H2-type zinc finger transcriptional repressor that plays an important role in the formation of germinal center B cells [14, 15] . Moreover, Bcl6 binds the consensus DNA sequence of STAT5b in the liver [16, 17] . These results suggest that Bcl6 may be involved in the sex-related differences in liver functions. Bcl6-knockout mice cannot form germinal center B cells and thus develop myocarditis [18, 19] . In addition, expression of Bcl6 in the liver and adipose tissues is required for lipid metabolism, as Bcl6 deficiency causes a marked decrease in weight and adipose tissue mass [20] . Therefore, most Bcl6-knockout mice die within 5 weeks of birth. As a result, analysis of Bcl6 function in the adult liver is difficult. In this study, we generated liverspecific Bcl6-knockout mice to analyze the relationship between Bcl6 and sex-related differences in the liver focusing on sex-differential drug metabolic genes. The sexbiased expression of CYPs was abolished in liver-specific Bcl6-knockout mice. Moreover, sex steroid hormone levels in serum and the reproductive abilities of mice did not change after deletion of Bcl6 in hepatocytes. These results imply that Bcl6 controls sex-driven differences in the liver without altering whole-body sex-differences. Therefore, liver-specific Bcl6-knockout (Bcl6-LKO) mice would be suitable for analyzing sex-biased drug metabolism and pathogenesis of the liver, without needing to consider the effects of whole-body sex-differences.
Materials and methods

Mice and animal experiments
Adult and pregnant C57BL/6N mice, ICR mice, Balb/c mice, and BDF1 mice were purchased from Nihon SLC (Shizuoka, Japan). Albumin promoter-Cre transgenic mice were obtained from Jackson Laboratory (Bar Harbor, ME) [21, 22] . Bcl6-floxed mice were previously reported and distributed by RIKEN BioResource Research Center (Tsukuba, Japan) [23] . Bcl6-LKO mice were generated by mating the albumin promoter-Cre mouse and Bcl6-floxed mouse. Cre-negative mice with Bcl6-wild-type or floxed alleles were designated as Bcl6-WT mice. Cre-positive mice with the Bcl6-floxed alleles were designated as Bcl6-LKO mice. All animal experiments were performed in accordance with the guidelines. All animal experimental guidelines and protocols were approved by the Institutional Animal Care and Use Committee of Tokai University (Japan, permit number: 173025).
Isolation of fetal, neonatal, and adult livers for expression analysis
Embryonic day (E) 13, 15, and 17 as well as neonatal livers were excised under the microscope. Adult livers were excised after bleeding out the mice. Total RNA was extracted with TRIzol reagent (Thermo Fisher Scientific, Waltham, MA).
Detection of mRNA by reverse transcriptionpolymerase chain reaction (RT-PCR)
First-strand cDNA for quantitative RT-PCR was synthesized using a ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO, Osaka, Japan) or a HighCapacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) when RNA was extracted from adult hepatocytes using the RNeasy® Micro Kit (Qiagen, Hilden, Germany). cDNA samples were normalized to the expression of hypoxanthine guanine phosphoribosyl transferase (Hprt).
Quantitative analysis of target mRNA was performed using the Universal Probe Library System (Roche Diagnostics, Basal, Switzerland). Primers and probes used for quantitative RT-PCR are indicated in Table 1 .
Isolation of adult hepatocytes
WT and Bcl6-LKO mice were subjected to a standard twostep collagenase perfusion for isolating primary hepatocytes. The liver was pre-perfused through the portal vein with 0.5 mM EGTA solution and perfused with 0.025% collagenase (Yakult, Tokyo, Japan) solution. Hepatocytes were purified using 50% Percoll TM or Percoll TM Plus (GE healthcare UK Ltd., Little Chalfont, UK) buffer and then centrifuged at 50×g for 10 min.
Genomic PCR
Genomic DNA was purifiedusing the NucleoSpin® Tissue Kit (Macherey-Nagel, Duren, Germany) and used for genomic PCR according to the manufacturer's protocol. To confirm deletion of the Bcl6 allele flanked by loxP sites, PCR was performed using two pairs of primers. The experiment of Genomic PCR1 in Supplementary Figure S1 used the primer pairs of 5'-CCATTCTCAGAAGATTATGGCAGA-3' and 5'-CACACTATACATCAGAAAAGAATG-3' [23] . The experiment of Genomic PCR2 in Supplementary Figure S1 used the primer pairs of 5'-CCATTCTCAGAAGATTATGGCAGA-3' and 5'-AGAAAGCCCTCCGGGCAAAGATAG-3'
Western blotting
Nuclear extracts were prepared from livers or hepatocytes using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific) according to the manufacture's protocol. Nuclear extracts were mixed with SDS sample loading buffer (Wako Pure Chemical Corporation, Osaka, Japan), electrophoresed using a SuperSep TM Ace 10% gel (Wako Pure Chemical Corporation), and then electrotransferred onto an Immobilon-P membrane (Millipore, Billerica, MA). The membrane was blocked overnight in phosphate buffered saline (PBS) with Tween 20 (PBS-T) containing 3% or 5% Amersham TM ECL TM Blocking Agent (GE healthcare UK Ltd.) and then incubated with primary antibody-Bcl6 antibody (D-8; Santa Cruz Biotechnology, Dallas, TX)-for 2 h. Next, the membrane was washed with PBS-T and incubated with horseradish peroxidase-conjugated secondary antibody (Millipore). During incubation with primary and secondary antibodies, western blot immune booster solutions (Takara Bio Inc., Shiga, Japan) were used to enhance antibody interactions. After another wash with PBS-T, immunoreactive proteins were developed by the ECL reagent (Takara Bio Inc.) and chemiluminescence was captured using the Image Quant LAS 500 (GE healthcare UK Ltd.).
Microarray transcription profile analysis
For microarray expression analysis, 10-11-week old Bcl6-WT and Bcl6-LKO mice of both sexes were dissected and the livers excised after the blood was drained. Total RNA was purified from the livers using TRIzol reagent. Transcriptional profiles were analyzed using the Agilent Whole Mouse Genome Microarray v2 8 × 60 K (Agilent Technologies, Santa Clara, CA). Raw intensity values were normalized using the 75th percentile and transformed to the log2 scale. Hierarchical clustering of Pearson's correlation coefficients between CYP probe samples was performed using Euclidean 
Measurement of CYP2B activity
Purified adult hepatocytes were inoculated on collagen-1-coated dishes in William's medium E (Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum (FBS, Nichirei Biosciences, Tokyo, Japan), 1 × insulin-transferrin-selenium X (Thermo Fisher Scientific), 10 −7 M dexamethasone, and 1 × penicillin-streptomycin-glutamine (Thermo Fisher Scientific). After adhesion, the cells were gently washed with PBS and the CYP2B substrate luciferin-2B6 was added and incubated for 1 h. CYP2B activity was measured using the P450-Glo TM CYP2B6 Assay (Promega, Madison, WI) according to the manufacturer's protocol. The amount of total protein was used to correct the luminescence.
Measurement of sex steroid hormones in serum
The serum from WT and Bcl6-LKO mice was obtained from the heart and then sex steroid hormone levels (β-estradiol and testosterone) were analyzed using liquid chromatography-tandem mass spectrometry by ASKA Pharmamedical Co., Ltd. (Kawasaki, Japan).
Isolation of adipose tissue for expression analysis
Bcl6-WT and Bcl6-LKO mice of both sexes were dissected and then adipose tissue was excised after the blood was drained. Total RNA was purified from samples using the RNeasy Lipid Tissue Mini Kit (Qiagen) according to the manufacturer's protocol.
Statistics
Microsoft Excel 2010 (Microsoft, Redmond, WA) was used to calculate standard deviation (SD) and statistically significant differences between samples using a two-tailed Student's t-test
Results
Establishment of liver-specific Bcl6-knockout mice for the analysis of hepatocytic Bcl6 functions A network of transcription factors are expressed during liver development to regulate hepatoblast maturation [24] . We have previously analyzed the changes in transcription factor expression patterns between mid-fetal and adult liver development using microarrays and have identified several candidate transcription factors that may regulate hepatocyte functions. For example, Mist1 was transiently upregulated in perinatal livers and is involved in hepatoblast maturation [25] . In addition, expression of Bcl6, another candidate gene, increased during hepatocytic maturation, as measured by quantitative PCR (Fig. 1a) . The phenotypes of Bcl6-knockout mice have been previously reported [18, 19] . Until the perinatal stage, Bcl6-knockout homozygous mice were found in a 1:2:1 Mendelian ratio; however, these homozygous mice were weak and most died within 5 weeks of birth. In order to evaluate hepatocytic Bcl6 function in adult mouse livers, we generated Bcl6-LKO mice by crossing Bcl6-floxed mice [23] with albumin promoter-Cre transgenic mice, which express Cre recombinase in hepatocytes [21, 22] . We confirmed the deletion of Bcl6 in hepatocytes derived from Cre-positive mice with Bcl6-floxed alleles (Supplementary Figure S1) . Cre-negative mice were designated as Bcl6-WT mice and Cre-positive Fig. 2 Expression of maledependent CYP mRNA in male and female Bcl6-LKO mouse livers. Total RNA was purified from samples derived from 8-11-week-old mice. The expression levels of Cyp2d9, 2u1, 4a12a/12b, and 7b1 mRNA were analyzed using quantitative PCR. Hprt was used as an internal control. Expression of genes in male Bcl6-WT mouse livers was set to 1.0. Results are represented as the mean ± SD (n = 10 for male wild-type mice, n = 8 for female wild-type mice, n = 9 for male Bcl6-LKO mice, and n = 7 for female Bcl6-LKO mice). *P < 0.05. MWT, male wild-type mouse samples; FWT, female wild-type mouse samples; MLKO, male liverspecific knockout mouse samples; FLKO, female liverspecific knockout mouse samples mice with the Bcl6-floxed allele as Bcl6-LKO mice in the following experiments.
Gene expression profiles of liver-specific Bcl6-knockout mouse livers
To investigate Bcl6 function in the adult liver, microarray analyses was performed using Bcl6-LKO mouse livers. We compared expressional profiles of CYP drug metabolic enzyme families between male and female livers. Sex biases in drug metabolism have been shown in mice [4, 5, [26] [27] [28] , rats [29, 30] , and humans [6, 7, 31] and are due to sexdependent gene regulation [32] [33] [34] . We extracted over 100 putative functional CYPs by eliminating pseudogenes. Figure 1b shows the expression profiles of CYPs in Bcl6-WT and KO livers of both sexes. The Pearson's correlation Fig. 3 Expression of femaledependent CYP mRNA in male and female Bcl-LKO mouse livers. The expression levels of Cyp2a4/2a5, 2b9, 2b10, 2b13, 3a16, 3a41, 3a44, and 17a1 mRNA were analyzed using quantitative PCR. Hprt was used as an internal control. Expression of genes in female Bcl6-WT mouse livers was set to 1.0. Results are represented as the mean ± SD (n = 10 for male wild-type mice, n = 8 for female wild-type mice, n = 9 for male Bcl6-LKO mice, and n = 7 for female Bcl6-LKO mice). *P < 0.05. MWT, male wild-type mouse samples; FWT, female wild-type mouse samples; MLKO, male liver-specific knockout mouse samples; FLKO, female liver-specific knockout mouse samples, N.D. not determined coefficient was used to indicate correlation between gene expression profiles among the samples. Between the same sex livers of Bcl6-WT mice, the correlation coefficient was almost 1.0. The correlation coefficient was low between male and female livers of Bcl6-WT mice, suggesting that the sex-differential expression profiles of CYPs were maintained in normal mice. In contrast, sex-differential CYP expression was abolished in the livers of male and female Bcl6-LKO mice. Interestingly, the expression profiles of both male and female Bcl6-LKO mice livers were similar to those of female Bcl6-WT mice. These findings imply that Bcl6 is more active in male livers in regulating the expression of CYPs. Thus, we theorized that sex-related differences in drug metabolism is regulated by hepatocytic Bcl6.
Gene expression profiles of drug metabolic genes in liver-specific Bcl6-knockout mouse livers Next, we examined several sex-differential CYP expression profiles by quantitative PCR. Expression of Cyp2d9, 2u1, 4a12a/12b, and 7b1 in normal male livers was significantly higher than in female livers. In contrast, these male-biased genes were downregulated in the livers of male Bcl6-LKO mice (Fig. 2) . Moreover, expression of Cyp2a4/2a5, 2b9, 2b10, 2b13, 3a16, 3a41, 3a44, and 17a1 in normal male livers was significantly lower than that in the female livers. These female-biased genes were upregulated in the livers of male Bcl6-LKO mice (Fig. 3) . In addition, the differences in CYP expression patterns between male and female livers were abolished in Bcl6-LKO mice (Figs. 2 and 3) . These results indicate that Bcl6 is an important regulator of sexdifferential expression of CYPs. In particular, it appears that Bcl6 is mainly functional in male livers to control malebiased CYP expression profiles.
To eliminate the possibility of genetic background specificity regarding sex-biased gene expression of CYPs, we also examined CYP expression patterns in other mouse strains including ICR, Balb/c, and BDF1. Expression of the male-biased genes Cyp2d9 and 4a12a/12b was found higher in male livers than in female livers of ICR, Balb/c, and BDF1 mice, which was the same pattern observed in C57B6 mice (Supplementary Figure S2) . Expression of the femalebiased genes Cyp2a4/2a5, 2b9, 3a41, and 17a1 was also higher in female livers than in male livers of the three mouse strains (Supplementary Figure S3) . These results suggest that sex-biased gene expression of CYPs is independent of mouse strain.
Measurement of CYP2B activity in adult hepatocytes
Several Cyp2b genes were induced in Bcl6-WT female livers, as indicated above. We therefore measured CYP2B activity to confirm whether changes in gene expression are reflected in enzymatic activity. CYP2B activity in wild-type female hepatocytes was higher than that in wild-type male hepatocytes. Moreover, CYP2B activity in male hepatocytes was induced by Bcl6 deletion (Fig. 4 and Supplementary Figure S4 ). These changes in CYP2B activity were consistent with the changes in mRNA expression, indicating that Bcl6 regulates the enzymatic activity of CYP2B through regulation of mRNA expression patterns.
Assessment of sex steroid hormone levels and reproductive abilities
Androgen and estrogen are sex-dependent hormones that regulate the development and maintenance of male and female characteristics. We thus analyzed whether deletion of hepatocytic Bcl6 directly regulates sex-biased drug metabolism in the liver, as Bcl6 may regulate liver drug metabolism through the control of sex-dependent hormone production. The serum protein levels of sex steroid hormones were analyzed using liquid chromatography-tandem Fig. 4 Measurement of CYP2B activity in adult hepatocytes. a The schematic for measuring CYP2B activity in adult hepatocytes. b Female-biased CYP2B activity in male and female Bcl6-WT hepatocytes. c Regulation of CYP2B activity by Bcl6. The total protein amount was used to correct for CYP2B activity. CYP2B activity of male WT was set to 1.0. The results are represented as the mean relative CYP2B activity ± SD (n = 6). *P < 0.05. The representative data were shown. The experiments were independently repeated at least three times. The results of the other experiments were shown in Supplementary Figure S4 . MWT, male wild-type mouse samples; FWT, female wild-type mouse samples; MLKO, male liver-specific knockout mouse samples mass spectrometry. Levels of the major androgen (testosterone) and the most active estrogen (β-estradiol) in serum were measured. Testosterone levels were higher in males than in females of both WT and Bcl6-LKO mice and β-estradiol levels were higher in females than in males of both WT and Bcl6-LKO mice (Fig. 5) , suggesting that deletion of hepatocytic Bcl6 did not alter sex-dependent hormone production. In addition, Bcl6-LKO male and female mice exhibited normal reproductive abilities (Table 2 ).
Gene expression of sex steroid hormone receptors in liver-specific Bcl6-knockout mouse livers As mentioned above, ligand expression of sex steroid hormones did not change after Bcl6 hepatocytic deletion. Thus, we next analyzed gene expression of sex steroid hormone receptor signaling molecules using a microarray and found that expression of estrogen receptor α (ERα) was induced in livers derived from both male and female Bcl6-LKO mice (Fig. 6a) . We then confirmed the expression of ERα in liver and non-liver tissues using quantitative PCR (Fig. 6b) . The expression levels of the female hormone receptor ERα in Bcl6-WT female livers were higher than in Bcl6-WT male livers. This female-biased expression in ERα was also confirmed in ICR, Balb/c, and BDF1 mice ( Supplementary Figure S5) . Hepatocytic Bcl6 deletion induced expression of ERα in both male and female mouse livers. In contrast to the liver, expression levels of ERα did not change in adipose tissues derived from Bcl6-LKO mice (Fig. 6b) . These results indicate that Bcl6 deletion in hepatocytes may regulate liver-specific sex-dependent characteristics by altering the expression levels of sex steroid hormone receptors in the liver.
Production of Bcl6 in male and female hepatocytes
In rat livers, production of Bcl6 is regulated by sex-specific expression patterns of GH and female livers were shown to have less Bcl6 proteins than that of male livers [16] . We thus evaluated the production of Bcl6 in male and female adult mouse hepatocytes. Bcl6 mRNA was detected in hepatocytes derived from both male and female wild-type mice, but expression levels did not differ between them (Fig. 7a) . Next, we analyzed expression patterns of the Bcl6 protein in nuclei using western blot analysis. The specificity of the Bcl6 antibody was confirmed as shown in Supplementary Figure S6 . Bcl6 protein was not detected in Bcl6-LKO mouse livers. The protein expression levels of Bcl6 were not significantly different between male and female hepatocytes in Bcl6-WT mice (Fig. 7b) . These results suggest that the molecular mechanism regulating sexdependent activity of Bcl6 in hepatocytes is different among species.
Discussion
This study is the first to analyze Bcl6 function in hepatic sexdependent gene expression using liver-specific Bcl6-knockout mice. Bcl6 was found important for regulating sex-differential expression of CYPs in the male liver. In male Bcl6-LKO mice, the expression of male-biased CYPs was downregulated, whereas the expression of female-biased CYPs was upregulated, meaning that the sex-biased expression profiles of CYPs were not maintained between male and female livers derived from Bcl6-LKO mice. These results suggest that hepatocytic Bcl6 is a key factor in maintaining male-biased drug metabolism in the liver. The difference in Bcl6 protein levels is predominant between male and female livers in rats [16] . Plasma GH is dimorphic between males and females and GH secretion controls sex-biased Bcl6 expression in the rat liver. In contrast, we found that protein levels of hepatocytic Bcl6 were similar between both male and female mouse livers in this study. One of the reasons for this observation is that plasma GH profiles are extremely sex-differential in rats [35] yet milder in mice [36] . As shown above, Bcl6 expression in mice hepatocytes is required for sex-biased gene expression in male livers. Thus, we theorized that Bcl6 DNA-binding activities in the wild-type male mice are higher than that in female mice. The high induction of some female-type CYP expression levels, such as CYP3a16, 41, and 44, in Bcl6-LKO mice, may be due to the complete suppression of Bcl6 activity. Our future studies will focus on analyzing about the Blimp1 is a Bcl6-regulated transcriptional repressor that functions as a Bcl6 antagonist in immune cells [37] . The balance between Bcl6 and Blimp1 expression is important for immune system development. In microarray expression analysis, Blimp1 expression barely changed in male Bcl6-LKO mouse livers, suggesting that Blimp1 in the liver is not directly regulated by hepatocytic Bcl6. Cux2 is a femalebiased transcription factor in the liver that is regulated by Bcl6 through Cux2 promoter regions in the liver and other tissues [16, 38] . We found that expression of Cux2 was significantly upregulated after hepatocytic Bcl6 deletion in males using microarray analysis, indicating that Bcl6 may regulate liver functions through its downstream gene, Cux2. Other factors may also be involved in the regulation of sexdifferential CYP expression. In immune cells, Bcl6 controls expression of its indirect target genes through miRNA expression regulation [39] [40] [41] . In the drug metabolic system, the untranslated region of some CYPs contain miRNA binding sequences [42, 43] . Thus, miRNAs may be direct targets of Bcl6 during sex-dependent regulation of metabolic genes in the liver. Another possibility is that sexdifferential CYPs are directly regulated by hepatocytic Bcl6 through CYP promoter and enhancer regions. In B cells, Bcl6 interacts with transcriptional corepressors such as HDAC, NCoR, SMRT [44] , MTA3 [45] , BCoR [46] , and histone methyltransferase Ezh2 [47] . Bcl6 also interacts with the transcription factor Miz-1 and represses Miz-1 target genes independent of the Bcl6 binding sequence [48] . Acetylation of Bcl6 by p300 inhibits Bcl6 as a transcriptional repressor in B cells [49] . Therefore, Bcl6 acts as a transcriptional repressor by interacting with other corepressors to regulate gene expression through a complex transcriptional network. As such, several direct target genes have already been reported in germinal center B cells [37, [50] [51] [52] . In most cases, Bcl6 represses the expression of its target genes in a DNA sequence-specific manner. Thus, these target genes may be important for the regulation of sex-biased drug metabolic enzymes by hepatocytic Bcl6.
Deletion of Bcl6 altered liver sex-related differences but not overall body sex-related differences as serum levels of sex hormones and mice reproductive ability did not change. Bcl6 deletion in hepatocytes induced expression of ERα in both male and female livers and thus sex-steroid hormone signaling may be regulated by Bcl6 through upregulation of the estrogen receptor; however, production of the estradiol ligand did not significantly change after hepatocytic Bcl6 deletion. In addition, induction of ERα expression in Bcl6-LKO mice was detected in the liver, but not in non-liver tissues (adipose tissue). These results suggest that hepatocytic Bcl6 expression is important for sex-biased, drug metabolic gene expression in the liver and that our model is useful for analyzing liver-specific sex-dependent drug metabolism. Liver metabolism by hepatocytic CYPs is very important for the pharmacokinetics of several therapeutic medicines. Therefore, the pharmacokinetics of candidate molecules must be evaluated in experimental animal models and human liver samples during drug discovery. As shown above, drug metabolism in the liver is different between males and females due to sex-biased CYP expression. Male and female-related hormones regulate not only hepatocytic sex-related differences but also sex-related differences of other tissues (e.g., reproductive and endocrine organs). It is possible that sex-dependent characteristics of other tissues Fig. 7 Assessment of Bcl6 mRNA expression and protein levels between male-and female-derived hepatocytes. a Total RNA was purified from 8-week-old male and female murine hepatocytes. Bcl6 expression was analyzed by quantitative PCR. Hprt was used as an internal control (n = 5 for males and n = 6 for females). b Nuclear extracts were prepared from male and female murine hepatocytes. Bcl6 protein levels were analyzed by western blotting (n = 5). The arrowhead indicates the specific Bcl6 protein shown in Supplementary Figure S6 . The asterisk indicates a non-specific signal affects the physiology of experimental animals supplied with medicines during drug discovery. In addition, the frequency of several liver diseases, such as hepatocellular carcinomas (HCC), is different between males and females. There is a marked male predominance in morbidity and mortality of HCC patients and it has been shown that the sex-dependent hormone estrogen has a protective effect against HCC progression [53] . However, the correlation between HCC pathology and sex-related differences in the liver remains unknown. This report is the first study to establish a mouse model regulating sex-based CYP expression in the liver without affecting the sex of the whole body. Previously, several studies have established chimera mice with human hepatocytes using immunodeficient mice. The humanized hepatic mouse models having hepatocytic-specific Bcl6 deletion may be useful for drug discovery and pathology regulated by sex-biased characteristics in humans.
